The effect of rapid oxidation temperature on the sputtered nickel (Ni) films to act as a hole transport layer (HTL) for perovskite solar cell (PSCs) was investigated. A nano-sputtered Ni film with a thickness about 100 nm was oxidized at a range of different oxidation temperatures between 350 and 650 °C to work as HTL in an inverted p-i-n configuration. DC Hall measurement in van der Pauw configuration and photoluminescence spectroscopy were used to measure the charge's mobility and extraction of nickel oxide (NiO) films. The behaviour of the carrier concentration measurements of NiO layers at different oxidation temperatures showed that the Ni layer oxidized at 450 °C had the highest carrier concentration among the other samples. The performance measurements of the fabricated PSCs showed that the nickel oxide hole-transporting layer which has been oxidized at the optimum oxidation temperature of 450 °C has the highest power conversion efficiency (PCE) of 12.05%. Moreover, the characteristic parameters of the optimum cell such as the open-circuit voltage (V OC ), short-circuit current density (J SC ) and fill factor (FF) were 0.92 V, 19.80 mA/cm 2 and 0.331, respectively.
Introduction
Perovskite materials can change their properties over the main three classifications of materials; conductor, insulator and semiconductor. They are denoted by ABX 3 structure as three different materials that can be combined with certain structure [1] . Metal halide perovskites as dyes under illumination can generate and transport of charge carriers in the perovskite solar cells (PSCs) [1] . Methylammonium lead triiodide (CH 3 NH 3 PbI 3 ) perovskite material started to be booming in the field of energy harvesting due to its excellent optoelectrical properties where it has a direct bandgap, wide range of solar spectrum absorption [2] , high an absorption coefficient of 1.5 × 10 4 cm −1 at 550 nm [3] , high charge carrier mobility of 66 cm −2 V s, small exciton binding energy with less than 10 meV [4] , and long electron-hole diffusion length with up to 1 µm [5] .
Due to the instability of the liquid electrolyte in solar cells, there are attempts to replace the liquid electrolyte with a solid material or quasi-solid material as was done in the dye-sensitized solar cells [6] . In perovskite solar cells, a hole transporting layer (HTL) is used instead of liquid electrolyte to extract hole carriers and transport them into the electrode [7, 8] . The commonly HTL is 2,2′,7,7′-tetrakis-(N,N-di-4-methoxyphenylamino)-9,9′-spirobifluorene (spiro-OMeTAD) which was reported over 2 decades [9, 10] . On the other hand, there are different materials from inorganic, organic as well as hybrid materials to employ for extracting holes from perovskite.
In the current work, nickel oxide (NiO) is applied as HTL in an inverted configuration of CH 3 NH 3 PbI 3 based PSCs. NiO is a p-type material with wide bandgap energies, which has been used as HTL in organic and inorganic optoelectronic devices [11] . Chen et al. constructed an inverted planar configuration of perovskite solar cell that achieved power conversion efficiency (PCE) over 16% when they used a composite of Li Mg Ni O [12] . There are different processes to prepare and deposit NiO such as solution-processed [13] , evaporation [14] , spray pyrolysis or sputtering [15] . Furthermore, there are several working temperatures of NiO or Ni for annealing or oxidation processes ranging between 275 and 550 °C [11] . Hence, choosing the deposition method, working temperature, or the preparation technique is depending on the application of the work. Although the solution-processed of NiO is a cost-effective technique, there is a lack of the uniformity of the film at high temperature. Lai et al. [16] studied the effect of different oxidation temperatures of NiO deposited onto indium tin oxide (ITO) sheets on the performance of PSCs and they reported that the maximum efficiency at 450 °C was 7.75%. However, ITO substrate is instable at high oxidation temperatures [17] , and the resistivity of the sheets is increased with increasing the temperature [18] which may affect the result of the cell performance.
The aim of this work is to homogenize a physical sputter of Ni layers which act as HTL in PSCs by oxidizing them at different temperatures. Furthermore, the effect of the oxidation temperatures ranging between 350 and 650 °C of Ni films formed onto the top of fluorine tin oxide (FTO) sheets and their influence on the performance of the perovskite solar cells were studied and evaluated.
Experimental work

Materials
Hydroiodic acid (57 wt% in ethanol), methylamine (CH3NH2) (40 wt% in aqueous solution), dimethyl sulfoxide (DMSO) (extra pure > 99%), and dimethylformamide (DMF) (extra pure > 99%) were purchased from Across company. Lead iodide (99.998%) and toluene were purchased from Alfa Aesar. Phenyl-C61-butyric acid methyl ester (PCBM) (99%) and diethyl ether (99%) were purchased from Ossila and Fisher scientific. Lithium fluoride (99%) was obtained from Sigma Aldrich. Ni target was fabricated in a local company with purity (99.8%). Finally, fluorine tin oxide (FTO) with a sheet resistance of 15 Ω/□ used as a photoelectrode for the perovskite solar cell. All stated materials have been used as received without further purification.
Preparation of methylammonium iodide
Methylammonium iodide (CH 3 NH 3 I) was synthesized using the procedure reported by Wang et al. [19] . 30 mL of HI was reacted dropwise with 27.86 mL of CH 3 NH 2 in a 250 mL round bottom flask for 2 h with maintaining the reaction temperature at 0 °C with continuous stirring. Using rotary evaporator, the mixture was maintained at 50 °C to evaporate the solvent and white-yellowish precipitation of CH 3 NH 3 I was formed. Then, the precipitated powder was collected, washed with ethanol and diethyl ether three times for further purification by stirring the solution for 30 min for each wash, then dried under vacuum at 60 °C overnight. The dried powder was stored inside a glove box for further usage.
Preparation of methylammonium lead triiodide
Methylammonium lead triiodide (CH 3 NH 3 PbI 3 ) was synthesized according to the reported procedures of Maria Konstantakou et al. with some modification in the ratios [20] . CH 3 NH 3 I was mixed with PbI 2 with 1:1 molar ratio in mixed solvents of DMSO: DMF with 0.7:0.3 mL/mL. The final solution was stirred overnight at room temperature.
Device fabrication
FTO-coated glass substrates were cleaned by ultrasonication using distilled water, acetone, ethanol and isopropanol for 15 min for each solvent. These substrates were dried under nitrogen gas to remove any solvent residuals [21] . A 100 nm thick Ni was sputtered using DC sputtering (Hummer 8.1) at 70 W for 5 min onto the surface of cleaned FTO. Then, the sputtered layers were oxidized rapidly at 350, 450, 550 and 650 °C in a muffle furnace. The process was carried out by adjusting the controller of the furnace to reach the desired temperature for each sample in 60 min. Once the desired temperature was reached, the annealing time was maintained for 90 min to allow oxidation. Before deposition of perovskite material, NiO layers were heated at 40 °C to enhance the activity of the surface to get a well-deposited layer of perovskite. In glove box, CH 3 NH 3 PbI 3 was deposited on NiO surface through one-step spin-coating deposition technique for 40 s divided as follow; the first 10 s the layer was deposited at 1000 rpm to allow a uniform distribution of the solution on the surface, after that, the spinner was raised at 4000 rpm for the remaining 30 s. For enhancing the surface and crystal structure of perovskite layer, a 700 μL toluene was vigorously added after 30 s from the whole time to allow the quenching of the grain size of the active layer to occur [20, 22] . The role of the toluene is to add nonsolvent that does not dissolve perovskite material but is miscible with DMSO and DMF to remove the residual solvents that do not evaporate [20, 22] . The final layers were annealed on a hotplate at 120 °C for 25 min. Then, a filtered prepared solution of PCBM (20 mg PCBM/1 mL chlorobenzene) was deposited by spin coating at 3000 rpm for 30 s [23] , after that, the layers were annealed for 10 min at 60 °C.
Finally, using thermal evaporator, a very thin layer from LiF was deposited on the surface of the PCBM layer, then, a silver thin film was deposited as a counter electrode. The role of using LiF with PCBM is to avoid the hot metal particles from penetrating the PCBM layer causing direct contact between the active layer and the counter electrode [24] . Figure 1 shows the configuration of the fabricated PSCs layers in this study and its energy diagram. The valence band (VB) of NiO is properly positioned for extracting photoexcited holes from the valence band of CH 3 NH 3 PbI 3 active layer. It is worth noting the effect of the hole selective contact as well as the position of its valence band on the performance of the cell. The existence of HTL influences on the series resistance (R S ) of the device where the R S decreases in the devices with HTL while it contributes to the whole resistance significantly in the cells without HTL [25] . In addition, the devices with HTL exhibits high V OC and low recombination losses, which enhance the collected power from the device [25] . Effect of the position of the hole transporting layer valence band on the performance of carrier's extraction is relevant due to the other factors that affect the carrier extraction process such as the applied voltage and the selective contact resistance (R SC ) itself [25, 26] . However, in terms of absolute values, the closeness of the position of VB of the HTL to the position of the VB of the active layer promotes the hole relaxation between their valence bands [26] .
Characterization techniques of NiO thin films
Ultraviolet-visible (UV-Vis) spectroscopy
The transmission and absorption spectra of NiO thin films were obtained in the range of 400-900 nm using UV-Vis spectrophotometer (Evolution 600 double beam scanning spectrophotometer, Thermo Scientific, USA).
Photoluminescence (PL)
Photoluminescence is the re-emission of light after absorption of incident photons by semiconductor materials with energy greater than bandgap energy (Eg). The excited carriers in higher energy levels relax to the available level in ground state by emitting a photon. Photoluminescence measurements were recorded for the active layer at an excitation wavelength of 440 nm. PL measurements were carried out at room temperature with a fluorescence spectrophotometer (Perkin Elmer LS-55).
X-ray diffraction (XRD)
X-ray diffraction scans were obtained using X-ray 7000 Shimadzu (Japan) at room temperature. The Bragge angle has (2θ) the range from 10 to 80 degree to study the crystallinity of the prepared films. The X-ray source is a Cu target generated at 30 kV and 30 mA with a scan speed of 4 deg/min.
Scanning electron microscopy (SEM)
The surface of different films was investigated using scanning electron microscopy (SEM "JEOL JSM-6360 LA", Japan) to study morphology and the homogeneity of the surface. Thin films of gold were sputtered onto the samples to get charge-free surfaces.
Hall measurements
HMS-5000 Hall Effect Measurement System Ecopia (Korea) is used to measure the conductivity, carrier mobility and carrier concentration of prepared NiO thin films. 
Performance measurement of perovskite photovoltaic cell
The current-voltage characteristics were performed for the fabricated photovoltaic cells under both dark and illumination conditions using computerized KEITHLEY series 2635A system source meter instruments controlled by TSP Express Software. The measurements have been performed using a Xenon lamp, which has been calibrated using standard PV cell.
Results and discussion
Optical properties of NiO
Due to the inverted planar configuration of the device, highly transmittance of HTM is needed to allow highly absorption spectrum for the perovskite layer. Hence, the transparency percentage (T%) of the NiO layer has been measured as a function of oxidation temperature. As shown in Fig. 2 where n o and n 2 are the refractive index of air and FTO substrate, respectively. From the equation, there is an inverse proportional relation between the wavelength-dependent refractive index of the film and the transmittance value.
In addition, the measurements of the oxidation temperature-dependent bandgap energy have been studied. There is a fluctuation of the bandgap energy as the oxidation temperature increases, where the measurements confirmed the bandgap energy behaviour as reported by Venter et al. [31] . The oxidized nickel film at 450 °C recorded the highest bandgap energy of 3.65 eV while the bandgap energies of nickel films oxidized at 350, 550 and 650 °C are 3.46, 3.48 and 3.59 eV, respectively. Figure 3 shows the optical absorbance spectra of oxidized nickel films at different temperatures as well as the bandgap energy of NiO layers using Tauc method [32] .
The charge transfer process between the perovskite and HTL is also dominated by the perovskite/HTL interface, which can be evaluated by the steady-state photoluminescence (PL) measurement as displayed in Fig. 4 . The measurement has been done under excitation wavelength at 440 nm for the stack of glass/perovskite and glass/NiO/ perovskite. As shown in Fig. 4 , there is a radiative recombination peak at 738 nm for the perovskite layer. Apparently, NiO shows a significant PL quenching, indicating holes extraction and transfer at NiO/perovskite interface effectively. To understand the behaviour of NiO film that has been oxidized at 450 °C and its apparent effective extraction of holes from perovskite film, we need to consider the study which has been carried by S. Hietzschold et al. about the effect of annealing temperature on the work function of NiO films [33] . They have shown that the work function of NiO films at 400 °C was less than the work function at 325 °C, which promote the carrier extraction of NiO film. As a result, according to the calculated bandgap energies in this work, the maximum bandgap energy was for the oxidized nickel film at 450 °C, which has the lowest work function, and this allows extract carriers greater than the one with high work function.
Crystallinity of NiO layers
The heat treatment process on metals, which is characterized by a large number of very small metal crystals interlocked together cause changes in the mechanical properties and crystal structures of these metals [34] . At a certain temperature, the metal starts to oxidize where there is Fig. 2 Transmittance spectra of NiO layers oxidized at different temperatures chemical diffusion of oxygen ions in the crystal structure of the metal that controls the nonstoichiometric properties of the metal oxide as well as the crystal parameters of its lattice [34] . Furthermore, in the case of nickel, there are different oxidation temperatures that depend on the preparation method, the precursor of the material and the oxidation kinetics [11, 13, 15, 35] . However, the most common oxidation temperature of the nickel-metal precursor is 350 °C [35] . Figure 5 shows the X-ray diffraction patterns of NiO on the top of the FTO substrate at different oxidation temperatures. The pattern shows a high peak at 2θ = 38° which corresponds to the crystalline (111) plane of NiO monoclinic crystal structure as well as the formation of a weak peak at 2θ = 62.5° which corresponds to the (220) plane of NiO. In addition, due to the rapid oxidation of nickel layer, there is a random small peak of crystalline NiO 2 and Ni 2 O 3 monoclinic crystal structure at 2θ = 66.372° of (004) plane, and a weak peak of cubic crystal structure nickel A°, respectively [36, 37] . The heat treatment of Ni films to form NiO layers revealed the incomplete incorporation of oxygen with Ni, which was shown by the Ni atom signal in XRD analysis for all oxidation temperatures. This clearly shows the effect of the rapid oxidation on the composition of the film as well as the morphology of the films as seen in SEM images. The amount of crystalline phase of Ni 2 O 3 indicates that Ni 3+ ions formed as Ni 2 O 3 phase rather than the incorporation with NiO matrix [38] . The crystallinity of the nickel films oxidized at different oxidation temperatures was investigated. Table 1 estimates the crystallinity index of the prepared NiO thin films.
Morphological property of NiO layers
Surface morphology of NiO layers onto the glass substrate was investigated using scanning electron microscopy as presented in Fig. 6 . The surface morphology of NiO film at 350 °C shows no cracks due to the suitable limit of temperature. For NiO film at 450 °C, due to the rapid increase of the oxidation temperature, the film suffers from large cracks and pinholes along the surface of the film. Moreover, as the oxidation temperature increases in the case of 550 and 650 °C, the cracks in the film's surface increase due to the high temperature. On the other hand, the surface of NiO layer that has been oxidized at the optimum oxidation temperature (450 °C) has been investigated on the top of FTO to compare with the one on the glass substrate. As shown in the Fig., the film is well aligned on the surface of FTO due to the activity of the surface to accept the NiO layer. In the case of the glass substrate, the activity of the surface is low in comparison with the FTO surface that influences on the interface between NiO/FTO bilayer. Moreover, we observed small black spots on the NiO sheets at 350 °C, which could be related to Ni metal. However, by increasing the reaction temperature to 450-650 °C, the Ni metals begin to grow into NiO, forming gradually separated grains (defective or non-uniformly structure) of NiO layers with some uncompleted Ni-O reaction on the sample. These unreacted Ni metal on NiO layers would increase the sample conductivity during the experiments with the formation of more electrons.
Hall measurements
The carrier mobility, conductivity and carrier concentrations of NiO thin films were measured and studied by Hall effect. Table 2 describes the relations between the oxidation temperatures and the carrier mobility, carrier concentration and conductivity. The Hall effect displays as p-type NiO thin films resulting from the positive sign of Hall coefficient. The values of the Hall parameters show the effect of the rapid oxidation on the formation of pinholes in the surface of the films with relative low carrier mobility and conductivity. The behaviours of the carrier mobility and conductivity are almost the same due to the rule of charge carriers to conduct the charge inside the film, while the behaviour of the carrier concentration is different due to the scrambling of the carriers which obstacle the flow of the carriers inside the film. The measured crystallinity indexes of the films at different oxidation temperatures showed a small fluctuation in the crystallinity degree at which the oxidized Ni film at 350 °C has amorphous phases higher than the oxidized film at 450 °C. In addition, both films have amorphous phases higher than the oxidized films at 550 and 650 °C. Consequently, these amorphous phases boost the conductivity and carrier mobility in the case of 350 and 450 °C greater than 550 and 650 °C. Moreover, the defects and contaminated amount of Ni at low oxidation temperature increases the conductivity of the film due to their metal properties than the oxide film. The unexpected behaviour of the conductivity at the oxidation temperature of 650 °C is due to the rapid oxidation temperature that causes rapid diffusion paths of the defects during oxidation time [39] . The process in Fig. 7 shows the general oxidation process of the Ni layer, while the equivalent equation clarifies the presence of the Ni vacancies, electron-holes as the predominant defects in nickel oxide, as well as Ni 2+ which can transform into Ni 3+ (2 Ni ions must be transformed for each vacancy) equivalent to the formation of Ni 2 O 3 in NiO matrix. There is a long-standing controversy about the type of conduction in NiO films and the role of the defects in this process [40] . Moreover, there are extensive studies that have been performed on the bulk samples [41] ; however, there are only limited studies on the oxidation kinetics of thin metal films [41] . As mentioned early, NiO is a p-type semiconductor with the predominant defects of cation vacancies and electron-holes [35] whose resistivity can be lowered by an increase of the hole concentration: this can be achieved by an increase of Ni 3+ ions resulting from the presence of the native defects, such as nickel vacancies and/or interstitial oxygen [42] . The XRD data shows the presence of Ni +3 ions in all samples, so the possible explanation Fig. 7 The general thermal oxidation process of the Ni layer and the equivalent equation for the formation of Ni vacancies and electron-holes during the oxidation process of NiO is the fluctuation of these ions over the oxidation process of different oxidation temperatures. Furthermore, Hwang et al. [43] considered the point defects of NiO as a function of temperature which confirm our explanation in this work. In that study, the coordination number of Ni-Ni increased with increasing annealing temperature, which may be a result of the nickel vacancies greatly decreasing with increasing temperature. The temperature-dependent resistivity of NiO films has two paths; the changing in temperature during the oxidation process which is contributed to increasing the resistivity with increasing the oxidation temperature and increasing the annealing temperature of NiO films after deposition which enhance the conductivity due to the semiconductor nature of NiO films [42, 44, 45] . Furthermore, as reported in previous works [42, 44, 45] , the electrical resistivity of NiO films is located between the ranges of 10-10 6 (Ω cm) which is the range of the electrical resistivity reported in this work. However, the very high resistivity of the NiO films in this work is an apparent indication of the difference between the effect of the rapid oxidation process and the handled process of NiO thin films. Table 3 estimates the performance parameters of NiO HTLs in PSCs with a maximum power conversion efficiency of 12.05% at 450 °C NiO film. Table 4 exhibits the best performance of NiO-based planar PSCs in recent years of the same main configuration (NiO/perovskite/ PCBM) as in this work using sputtering as the deposition technique for NiO and oxidized Ni as HTLs. 
J-V characteristics of the fabricated perovskite solar cells
Conclusion
In conclusion, the effect of oxidation temperatures of NiO films as hole-transporting layers for perovskite solar cells was evaluated. From Hall measurements, there was a sharp decrease in the efficiency for temperature degrees of 550 and 650 °C, which indicate that the optimum working oxidation temperature of NiO film is 450 °C. Due to the rapid oxidation, there were low values of the conductivity, carrier mobility and carrier concentrations of the other temperature degrees. The PSCs with NiO oxidized at 450 °C exhibited a high performance with PCE of 12.05%, Jsc of 19.80 mA/ cm 2 , Voc of 0.92 V and FF of 33%. 
